Graphene has the advantages of high electrical conductivity, high heat conductivity, and low noise, which makes it a potential option for integrated circuits interconnection and nanoelectrodes. In this paper, we present a novel fabrication method for graphene nanoeletrodes with nanogap. First, graphene grown by chemical vapor deposition (CVD) is assembled to a chip with microelectrodes. Second, an atomic force microscopy (AFM) based mechanical cutting method is developed to cut the graphene into nanoribbons and nanoeletrodes with nanogap. Then the electronic property of a single nanodot is characterized using the garphene nanoelectrodes, demonstrating the effectiveness of the graphene nanoelectrodes. The fabricated graphene nanoeletrode pairs can be used as probes to detect single molecule in micro-environment, and show an attractive prospect for future molecular electronics applications. atomic force microscopy,
Introduction
Nanoelectrode is a newly developed area in the field of electrochemical study. Compared with the conventional electrodes, nanoelectrodes can provide higher mass transferring rate, lower time constant, higher signal-to-noise ratio, and higher sensitivity. Nanoelectrode have been widely used in nanometer-sized biosensors [1,2], single-cell measurements [3], imaging probes [4] , and studies of the kinetics [5] . With the advantages of high mobility, superior mechanical properties and good thermal and chemical stability, graphene shows attractive prospect as the ideal electrode material. For example, graphene has emerged as an excellent alternative transparent electrode material to replace indium tin oxide (ITO), and shows promising applications in solar cells [6] , organic light emitting diode [7] , and touch screen [8] . Good compatibility with the organic semiconductor and only single atom thick make graphene an ideal electrode material for organic semiconductor devices [9] [10] [11] . Electrowetting on dielectric (EWOD) using graphene also shows excellent properties [12] . In addition, graphene nanopores have also been applied in the single molecule detection. The electrical conductivity of graphene changes, when DNA bases cross a graphene nanopore [13] . With the development of graphene preparation and cutting technology, graphene will become a promising choice for nanoelectrode material.
The graphene cutting method can be basically divided into the following kinds: Photolithography [14] , AFM anodic oxidation [15, 16] , scanning tunneling microscope (STM) etching [17] , ion beam etching [18, 19] , thermally driven nanoparticles cutting [20] , and AFM based mechanical cutting [21, 22] . Most of the current methods, when used to fabricate nanoelectrode pairs with nanogap, have several drawbacks including low precision, easy sample contamination, and harsh operating environment. At this point, the precise positioning of the AFM based mechanical cutting is manifested. The nanoscale positioning and processing capabilities enable AFM to tailor graphene with high precision, and graphene can be cut into nanoribbons with a specific chirality (armchair or zigzag) [23] .
In this paper, graphene grown by chemical vapor deposition (CVD) is assembled onto a microchip with Au microelectrodes through the bubbling method. Then an AFM based mechanical cutting method is used to directly pattern the graphene into nanoribbons and nanoelectrodes with nanogap. After each cut, the electrical properties of the graphene are measured. The width of the fabricated nanoelectrodes is approximately 757 nm and the gap between the nanoelectrodes is 64 nm. The electronic property of a single nanodot is characterized using the garphene nanoelectrodes. In the future, the fabricated graphene nanoeletrode pairs can be used as probes to detect single molecule in micro-environment, and applied to electrochemical sensing.
Materials and methods

Assembling graphene
The graphene used in the study is assembled onto a microchip through the bubbling method. Originally the graphene is grown on a Pt substrate [24] . Then, it is spin-coated on a polymethyl methacrylate (PMMA) surface followed by curing. PMMA is used to prevent the graphene from being damaged in the later process. Next, the PMMA/graphene/Pt is placed in a NaOH aqueous solution, to be used as the cathode of an electrolysis cell. A Pt electrode is put into the NaOH aqueous solution as the anode, and a constant current is supplied. At the cathode, the reduction of water takes place to produce H 2 . As a result of the formation of a large number of H 2 bubbles, the PMMA/graphene layer is detached from the Pt substrate, which is then cleaned by pure water and stamped onto the microelectrode chip. The chip with the stamped graphene is annealed at 150°C for one hour, and rapidly cooled to room temperature afterwards. This process enhances the interaction between the graphene and the substrate. The probability of blowing graphene can be effectively reduced in the following process of cutting graphene. In the final step, the PMMA is removed from the chip by acetone. The microelectrode chip with a layer of graphene attached is shown in Figure 1 .
Determining the cutting force
In order to achieve good cutting results for graphene, it is necessary to first determine the cutting force required. The graphene cutting experiment is conducted using a diamond-coating AFM tip (DDESP). The radius of the tip is 35 nm and the calibration spring constant is 42 N/m. Graphene is cut using a customized manipulation software developed in-house. The cutting force can be adjusted by setting the deflection setpoint [25] , which is related to the tightness of the contact between the tip and the substrate. The output signal of the position sensitive detector (PSD) is collected for subsequent analysis of the cutting force.
The normal (F N ) and lateral forces (F L ) of the graphene cutting process can be computed from the vertical (V N ) and horizontal deflection signal (V L ) according to the following equations [26] :
where c N is the calibrated normal spring constant of the tip, c L is the lateral spring constant, E is the normal elastic modulus, G is the shear elastic modulus, l is the cantilever length, w is the cantilever width, t is the cantilever thickness, and h is the tip height. S Z is sensitivity of PSD (65 nm/V), which can be obtained from the force curve. In order to determine the relationship between the groove depth and the normal force, we conducted the following derivation. The relationship between A H and F N is evaluated as [27] 
where p is the yield pressure of fabricated materials in the vertical direction and A H is the horizontal projected area of the interface between the AFM tip and the surface. This area can be evaluated as
where D is the depth of the groove and R is the radius of the AFM tip. If R is much larger than D, eq. (6) can be reduced to
Substituting eq. (7) into eq. (5) gives
where ting force, the graphene layer is cut through, with minimal impact on the substrate. A normal force of 21.84 N is used in all of the subsequent experiments. Figure 4 demonstrates the effect of the cutting velocity. In this study, a fixed normal force of 21.84 N and different cutting velocities of 1, 3, 5, 7 and 9 m/s are used. As indicated by the groove depth versus cutting velocity curve in Figure 4 (c), no specific relationship is observed between the groove depth and the cutting velocity. In the subsequent experiments a cutting velocity of 3 m/s is used for cutting the entire length of the graphene. Figure 5 shows the graphene being cut into different shapes. The fabricated graphene nanoribbon (GNR) is about 13 nm wide. The calibration precision of the mechanical cutting by AFM is 10 nm, which is mainly affected by the precision of system.
Planning the cutting path
In order to cut a hexagonal flake of graphene into nanoelectrodes, the cutting path has to be planned. The cutting path is shown in Figure 6 . The hexagonal graphene is assembled on gold electrode shown in Figure 6 (a). The cutting path shown in Figure 6 (b) consists of the following steps: (1) the graphene on both sides of the Au electrodes is cut off and the width of graphene between the two electrodes is reduced. (2) the width of graphene is further reduced and cut into a nanoribbon according to the actual needs. (3) the GNR is cut through resulting in a pair of the self-aligned graphene nanoelectrodes, as shown in Figure 6 (c).
Results and discussion
Fabricating graphene electrodes
Using the previously discussed cutting path, the GNR and graphene electrodes are fabricated and their electrical properties are measured. The graphene is assembled onto the microelectrode chip as shown in Figure 7 (a) and the measured I-V curve is shown in Figure 7(b) , where the voltage ranges from 1 to 1 V at 10 mV step. From Figure 7 (b) we can see that the I-V curve shows a linear relationship and the resistance is about 388 . This resistance includes the following components: graphene resistance, Au electrode resistance, the contact resistance between graphene and Au electrode, the contact resistance between the conductive tip used for measuring and the Au electrode. According to the cutting step 1 in Figure 6 (b), a graphene ribbon with width of 10.2 m is fabricated and shown in Figure 7 (c). Its I-V curve is shown in Figure 7(d) . From Figure 7 (d), we can see the I-V curve is linear as well and the resistance is about 426 . This resistance is higher than that in Figure 7 (a). After the cutting step 2 shown in Figure 6(b) , the width of the graphene ribbon between the two electrodes is reduced to 757 nm, as displayed in Figure 7 (e). The I-V curve is still linear as shown in Figure 7 (f), but the resistance of the GNR increases to 2.42 kΩ. This result verifies that when the width of the graphene ribbon decreases from the micrometer to the nanometer scale, its resistance increases significantly.
Then the GNR is cut through, as displayed in Figure 8 . The nanogap between the graphene nanoelectrodes is 64 nm wide, as shown in Figure 8(b) . From Figure 8 (c), we can see that the current is 0, proving that the GNR is cut through completely. At this point, a pair of self-aligned graphene nanoelectrodes is realized. Many experiments were conducted to make sure the feasibility of graphene nanoelectrode fabrication using AFM. The success rate is about 80%.
Validating the effectiveness of the nanoelectrodes as sensors
In order to verify the effectiveness of the graphene nanoelectrodes, a metallic Pt nanodot is deposited between the nanoelectrodes through an AFM-based nanodot deposition method [28] , as shown in Figure 9 (a). The height and width of the nanodot is 112 nm and 392 nm, respectively. The I-V curve is measured using the graphene nanoelectrodes, as shown in Figure 9 (b), and its resistance is about 7.57 k. It confirms that the graphene nanoelectrodes are effective and can be used to detect the electronic property of a single nanodot.
The success in characterizing the nanodot indicates that the graphene nanoelectrodes can provide a platform to ex- amine the properties of materials in the nanoelectrode gap at the nanometer scale, or even down to the molecular scale. The graphene electrodes not only have a nanometer width, but also have a nanometer gap between the electrodes. This nanogap electrodes can be beneficial to the integration of single molecule into circuits. Due to the small thickness of graphene, the graphene electrodes will be much thinner than the conventional metal electrode. In addition, the graphene electrodes have extraordinary advantages in the study of organic molecules when compared to the metal electrodes because of structural similarities and energy levels compatibility with the organic molecules [29] .
Conclusion
In this paper, a novel fabrication method for graphene nanoribbons and nanoelectrodes using AFM based mechanical cutting is developed. In this method, graphene grown by chemical vapor deposition is first assembled onto a microelectrode chip. Then an AFM mechanical cutting method is used to cut the graphene into nanoribbons and nanoelectrodes with nangaps. The electrical properties of the graphene ribbons are measured after each cut. As the width of graphene strips decreases, the resistance increases gradually. After cutting through the GNR, a pair of self-aligned graphene nanoelectrodes is formed. A metallic nanodot is deposited in the electrode gap to connect the graphene electrode pairs through an AFM-based nanodot deposition and the electronic property of the nanodot is characterized using the graphene nanoelectrodes. The effectiveness of the nanoelectrodes is validated at the same time. The width of fabricated nanoelectrodes is 757 nm and the gap between the nanoelectrodes is 64 nm. The width of the graphene nanoelectrodes and nanogap can be further reduced by adjusting the type of AFM tip, the cutting force, and the number of cutting passes. The fabricated graphene nanoeletrode pairs can be used to probe single molecule and applied to other electrochemical sensing. Due to their structural similarity and good energy levels compatibility with organic molecules, the graphene nanoelectrodes are beneficial to the study of organic molecules. In the future, this method is expected to be applied to large-scale, low-cost manufacturing of molecular nanoelectronics devices. 
